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Transport characteristics of in vitro perfused proximal
convoluted tubules
HARRY R. JACOBSON
The University of Texas Health Science Center, The Southwestern Medical School, Dallas, Texas
Proximal convoluted tubules reabsorb the bulk of the sodium
chloride and water present in the glomerular filtrate. In addi-
tion, the major portion of filtered bicarbonate, phosphate,
glucose, and amino acids are reabsorbed in this nephron
segment. All of this transport is accomplished isosmotically and
without a measureable change in intraluminal sodium concen-
tration. However, despite the absence of changes in luminal
fluid osmolality and sodium concentration, important changes
in luminal fluid constituents do occur. As will be discussed in
this study and that of Barfuss and Schafer on the pars recta [1],
these changes in luminal fluid constituents are felt to be an
important determinant of transport events in late portions of the
proximal convolution and in pars recta.
A great deal of information about transport in proximal
convolutions has issued from micropuncture studies of surface
proximal convolutions of both mammalian and submammalian
species. For an excellent discussion which incorporates much
of the micropuncture derived information on proximal tubule
transport, the reader is referred to a review by Windhager and
Giebisch in a previous Kidney International symposium [21. In
keeping with the theme of this issue, this discussion of transport
properties of the proximal convoluted tubule will mainly be
limited to data derived from in vitro microperfusion. Also, since
in vitro studies on non-mammalian nephron segments are
covered elsewhere in this symposium [3], rabbit proximal
convolutions will be the main topic here. It should be noted that
we have attempted studies in proximal convolutions from other
mammalian species (dog, rat, mouse), but without a great deal
of success. This lack of success is attributable to the difficulty in
microdissecting sufficiently long viable, fragments of proximal
convolutions from kidneys of these other mammals. However,
additional attempts are planned.
Anatomic considerations. In addition to the obvious advan-
tage of providing a more readily controlled environment for the
study of membrane transport, in vitro microperfusion makes it
possible to study proximal convolutions (as well as other
nephron segments) from subsurface nephrons. In this respect,
the isolated tubule technique has contributed much to the area
of nephron heterogeneity.
The rabbit kidney is composed of three nephron populations
which are classified according to the location of their glomeruli.
The relative number of these nephrons are: 28% superficial,
63% midcortical, and 9%juxtamedullary [4]. Proximal convolu-
tions from juxtamedullary nephrons are wider and about 15%
longer than their superficial counterparts [51. Dimensions of
midcortical nephrons are not available. In addition, we have no
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information on the ratio of luminal surface area to tubule length
for the proximal convolutions from different nephrons. Thus,
quantitative comparisons of transport rates in proximal convo-
lutions from different nephron populations are usually, correct-
ly or incorrectly, based on a flux per unit length (occasionally
surface area is used). However, the variability in tubule diame-
ter with differing perfusion pressures and outflow constriction
at the collection end do not make calculations based on surface
area more accurate.
Two cell types are present in proximal convolutions. Extend-
ing from the glomerulus to about the midconvolution (probably
2 to 3 mm beyond the glomerulus although the exact location is
unknown) is the S1 segment with tall (— 10 to 12 ) cells having
a long (3 j.) brush border and extensive interdigitations
between lateral cell margins of adjacent cells [4, 51. The rest of
the convolutions and the cortical portion of the pars recta make
up the S2 segment of the proximal tubule. Cells of S2 segments
are shorter with a shorter brush border and less extensive
lateral and basal infoldings than S1 cells [4, 5]. The tight
junctions holding adjacent proximal tubule cells together are
shallow and not obviously structurally different in the various
segments [4, 6]. There are no obvious ultrastructural differences
among the proximal convolutions from superficial, midcortical,
and juxtamedullary nephrons [4]. The relative lengths of and
S2 portions of the different nephron populations are unknown.
It should be noted that in experiments requiring accurate
knowledge of the origin of the proximal convolution studied
(especially experiments on nephron heterogeneity) several cri-
teria are used to make identification. The most reliable, but
most difficult and cumbersome, is ultrastructural examination
of the tubule after it is studied [51. This is clearly not possible or
practical for the majority of studies.
A second method for identification of the proximal tubule
type studied utilizes measurement of the secretory rate of para-
aminohippurate (PAH) [5]. As shown in Table 3, early or S1
segments of proximal convolutions have a much lower secre-
tory rate for PAH than do S2 segments. This is true for
convolutions from both superficial and juxtamedullary neph-
rons. There is thus intranephron or axial but apparently no
internephron heterogeneity for PAH secretion. Midcortical
convolutions have not been studied. Para-aminohippurate se-
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Table 1. Permeability coefficients for monovalent ions
Permeability coefficient, /0 cm .sec
Superficial Juxtamedullary
2.1 to 3.2' llO]h 3.1 to 5.0 [10]
4. 8
20,000 [II]
2.4 [10], 3.2 [12]
2.3 [10], 1.3 [12]
Values were calculated from PN,,/PcI and isotopic (i permeability
measurements.
Bracketed numbers are references.
Values were taken from unpublished data of Rocha and Kokko on
randomly dissected proximal convolutions.
cretion, while a reasonable method to separate proximal convo-
lutions into S1 and S2 segments, suffers from two problems:
First, experiments take more time and are more complicated
due to the requirement for additional collection periods for
measurement of PAH flux. Second, intermediate values for
PAH secretion are not uncommon and to be expected since
tubule fragments dissected at random may have both S1 and S2
segments.
A third method for identification of the type of proximal
convolution segment being examined utilizes the response of
transepithelial voltage to imposed ion gradients [7, 8]. Usually a
50 m sodium chloride gradient is produced across the tubule
by removing 50 mmoles of sodium chloride from the bathing
solution. To maintain bath osmolality, the salt is replaced with
mannitol or raffinose. The direction and magnitude of the
voltage deflection (corrected by the appropriate liquid junction
potential) is an index of the relative sodium to chloride perme-
ability (PN,1/PcI). Rabbit kidney proximal convolutions from
immediately below the renal capsule have Na'Cl <1 [7, 8].
There appears to be a trend for the value of PNaIP(I to increase
as one studies deeper and deeper proximal convolutions [7, 8]
although this has not been examined rigorously. The exception
to the above Na'PC1 profile is the very early portion of the
subcapsular proximal convolutions which displays a Na'C1 of
1.56 [71. In our laboratory a PNa/PCJ of <1 is used to verify
whether or not a given tubule is truly a surface convolution.
Since all subsurface convolutions have Na'Cl > 1, this mea-
surement does not allow one to differentiate among subsurface
convolutions. In addition, since early, mid, and late regions of
subsurface proximal convolutions appear to have similar PNa'
Pci [7], this test cannot distinguish between S and S2 regions of
these convolutions.
The final method of identifying regions of the proximal tubule
is by careful observation during dissection. After some prac-
tice, one can usually identify, during dissection at 40x magnifi-
cation, the first 1 to 2 mm of convolution by its attachment to
the glomerulus. One should not accept identification of this
early convolution as positive unless the tubule segment is
attached to the glomerulus by a narrow neck region [9]. Using
this criterion we can be positive that we are studying the S
region of the proximal convolution. In a similar manner, one
can be sure of studying the S2 region of the proximal convolu-
tion by dissecting convolutions with an initial pars recta at-
tached. Again, with some practice I to 2-mm long convolutions
clearly attached to a pars recta can be obtained. All other
segments of proximal convolutions we term midproximal, and
during dissection attempt to follow the ends of these tubules to
determine if either end leads to a glomerulus or pars recta.
These segments contain variable lengths of S1 and S2 cell types
and if positive identification is needed, histological examination
is required. We prefer to use dissection criteria for identifica-
tion of the origin of the tubule segment in studies where such
information is important. What is needed is a simple but
accurate way of positively identifying tubule segments with
respect to S1 and S2 cell types. An optical method that can be
used at the end of an experiment while the tubule is still hooked
up and can be observed under 200 to 400x would be very
useful.
Ionic permeabilities. Electrophysiological studies on the in
vitro perfused rabbit proximal convolution have confirmed that
it, like the proximal tubule from most species, exhibits a low
transepithelial electrical resistance-about 7 ohm-cm2 [9]. This
measurement, of course, reflects the relatively high permeabili-
ty of the paracellular space and tight junction to various ions.
No studies have yet examined differences in transepithelial
resistance among the various anatomic regions of the proximal
convolution, although the pars recta appears to have a slightly
higher resistance [9]. It is conceivable that the technical aspects
of this measurement, plus the low value for resistance, might
preclude measurement of physiologically important differences
in electrical resistance even if they existed.
Listed in Table 1 are the obviously incomplete measurements
of proximal tubule permeability to the monovalent ions Nat,
K, H, Cl, and HCO3 . While data for both superficial and
juxtamedullary convolutions are available, little is known about
possible differences between Si and S2 segments. The observa-
tion that for some ions there are large bidirectional fluxes
resulting in net transepithelial flux being a fraction of the
unidirectional fluxes is in keeping with the measurements of low
electrical resistance and relatively high ionic permeabilities.
This has been best demonstrated for Na [13] where net
reabsorptive flux is about 20 to 25% of the unidirectional lumen
to bath flux. As will be discussed later, this observation has
contributed to the theory that regulation of salt and water (as
well as other solutes) transport might involve alteration of bath
(blood) to lumen flux, that is, the paracellular "back-leak"
hypothesis. Estimates of the HCO3 permeability [101 suggest
that in late portions of proximal convolutions, where luminal
[HC031 is about 5 mivi "back-leak" may be as much as 20 to
30% of the net reabsorptive flux seen in early convolutions with
luminal [HCO3 I of 25 mi. While a physiologically significant
determinant of the limiting [HCO3 ] gradient that proximal
tubules can establish, bicarbonate "back-leak", with respect to
its role in regulating net HCO3 reabsorption, appears to be of
smaller magnitude than Na "back-leak".
It is well known, and will be discussed in a bit more detail
later, that luminal fluid ionic constituents change along the
length of the proximal convolution. The major ionic changes are
those of [HC03], [H], and [C1]. As has been mentioned, the
fall in luminal [HCO3] results in a favorable gradient for
HC03 "back-leak". As lumen [HCO3 I falls both {H] and
[Cl ] rise. Elevation of luminal [HJ favors efflux of H.
However, it should be noted that even though the recently
measured H permeability of proximal convolutions is quite
Na
K'H
Cl
FICO,
5.5 [10, 12]
2.1 [10], 1.3 [12]
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SF JM SF JM Unspecified
Abbreviations: JM, juxtamedullary convolutions; SF, superficial
convolutions; PCT, proximal convoluted tubule. Bracketed numbers
are references.
a Complete perfusate refers to serum ultrafiltrate or its facsimile
while in viva perfusate refers to studies in which perfusate composition
was adjusted to match probable in vivo circumstances.
Values refer to experiments where bath fluid was rabbit serum and
perfusate was an ultrafiltrate of rabbit serum or an artificial ultrafiltrate.
In all other studies perfusate and bath were artificial solutions with bath
containing bovine serum albumin 5 to 6 g%.
high (Table 1) [11], the rate of H efflux is relatively small, due
to its presence in only nanomolar concentrations. Calculated
H efflux with lumen pH of 6.8 and lumen [HC03] of 5 mM
with simultaneous bath pH of 7.4 and [HCO I of 25 m is only
1 to 2 pmoles mm1 min'—a log lower than the rate of
HCO3 'back-leak." It is interesting to note that recent studies
have demonstrated that part of the high H permeability of
proximal tubules may be due to efflux of H via the luminal cell
membrane Na — H exchanger [14].
Discovery of an elevated luminal [Cl—I along the early
proximal convolution has generated a great deal of experimen-
tation and discussion on the mechanism and amounts of passive
sodium chloride reabsorption in more distal portions of proxi-
mal tubules. At least in late surface proximal convolutions and
in superficial nephron pars recta the presence of a lumen to
blood [Cl I gradient has been shown to be responsible for
significant volume reabsorption and lumen positive voltage [7,
15—18]. The positive voltage is due to the fact that the HCO3
permeability is less than the Cl permeability (PHCO3/PcI < I)
and thus oppositely directed HCO3 and Cl gradients result in
preferential Cl exit. The magnitude of the lumen positive
voltage in tubules with PHCOilPCI < 1 should also be a function
of the PNa since a higher PNa will tend to shunt the C1 diffusion
potential. This may partially explain the lower lumen positive
voltage seen in late portions of non-surface proximal convolu-
tions and contribute to the lack of a lumen positive voltage seen
in juxtamedullary convolutions when these segments are per-
fused with low [HC03] high [C1] solutions [12, 17, 18].
However PHCO'PCI appears to be closer to one in juxtamedul-
lary convolutions and may be responsible for the absence of a
significant lumen positive voltage in these segments [17].
Water permeability. Early measurements of hydraulic con-
ductance in randomly dissected portions of proximal convolu-
tions [13] revealed relatively low values, 350 to 890 m sec '.
More recent measurements using rapid perfusion rates and
extrapolation to infinite flow rate (where the transepithelial
osmotic gradient would not be dissipated) yield values of 2,030
to 5,100 jxm sec '[19]. Such a high osmotic water permeabili-
ty predicts that small (2 to 3 mOsm) transepithelial osmotic
gradients can drive significant amounts of water movement. A
detailed discussion of the significance of such high osmotic
water permeabilities can be found in the following review of in
vitro studies of pars recta [1]. Recent estimates of the magni-
tude of solvent drag induced anion flux in proximal convolu-
tions provide some suggestions that the superficial and juxta-
medullary proximal convolutions may differ in hydraulic con-
ductance with the latter having a lower value [20]. Verification
of this observation and its significance remain to be determined.
Generation of transepithelial voltage and its profile in
convolutions from superficial and juxtamedullary nephrons
The first in vitro attempt at measurement of transepithelial
voltage (VT) in proximal tubules found that VT was zero [21].
Subsequent measurements, after good electrical insulation was
accomplished, found small lumen negative values in the range
of —4.0 mY [22]. It should be noted that these early in vitro
measurements used perfusate that had a composition similar to
plasma ultrafiltrate, and that the origin of the tubule segments
studied were not identified. Subsequently, it was demonstrated
that luminal fluid composition, both with respect to neutral
organic solutes and ions, played a major role in proximal
convolution VT [23, 24]. A major portion of the lumen negative
VT appears to be due to electrogenic co-transport of glucose
and amino acids with sodium across the luminal cell membrane.
A dependence of lumen negative VT on perfusate glucose and
amino acids has been observed in every portion of proximal
convolutions—superficial and juxtamedullary S, and S2 seg-
ments [7, 17, 23—25]. This observation is of interest because
under normal in vivo circumstances avid early reabsorption of
these organic solutes limits their concentration in later S2
segments. Thus, these electrical measurements (and the volume
reabsorption measurements that will be discussed subsequent-
ly) reveal that all regions of the proximal convolution have the
intrinsic capacity for electrogenic co-transport of Na with
organic solutes. This suggests a reserve capacity for dealing
with increased delivery (that is, increased GFR). Indeed, per-
fusate glucose and amino acids have been shown to account for
at least part of the flow dependence of proximal convolution
volume reabsorption [26].
The role of organic solutes in lumen negative voltage genera-
tion is specific for their presence in luminal fluid since removal
of these substances from peritubular fluid alone does not result
in change in VT [25]. Metabolism of the organic solutes is not
required for their effect on VT since luminal c-methyl-D gluco-
side and cycloleucine (both of which are transported but not
metabolized by proximal convolutions) support lumen negative
VT, although to a lesser degree than do glucose and alanine [25].
The electrogenicity of luminal glucose and alanine recently
has been examined directly with measurements of intracellular
voltages of in vitro perfused proximal convolutions [27]. Figure
1 summarizes the results of these studies. Both glucose and
alanine produced significant depolarization of the luminal cell
membrane with resultant increases in lumen negative transepi-
thelial voltage. Studies using brushborder vesicles had already
Early PCT
Table 2. Fluid reabsorption in proximal convoluted tubules
Late PCT
fl/j mm mm
0.96" [41]
O.97 [171
l.46h [421
Complete perfusate
0.74h 141] 0.94" [41]
0.82b [47] 1.13h [47]
in vivo perfusate
0.74b [41] 0.94" 141]
0.82" [47] l.l3 [471
1.37" [41]
1.14" [17]
0.78b [43]
0.87 [43]
I.2l [44]
1.13 [45]
0.80 [46]
1.05 251
0.56" [17] 0.68" [17]
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Fig. 1. Demonstration of the electrical effects of glucose and alanine.
VT refers to the change in transepithelial voltage and ZVBL refers to
the change in voltage across the basolateral cell membrane. As can be
seen, removal of glucose from perfusate reduces the lumen negative
transepithelial voltage while hyperpolarizing the cell interior. The
removal of alanine as well as glucose resulted in greater changes.
(Figure was drawn from data of Biazi et al [27]).
demonstrated sodium gradient dependent uptake mechanisms
for these solutes [28—31]. Indeed, recent studies suggest that
these two organic solutes compete with each other as well as
with PO4 for the available Na electrochemical gradient [23,
32]. In other words, the depolarization of the luminal cell
membrane with Na coupled entry of one solute reduces the
electrochemical gradient available for coupled entry of a subse-
quent solute.
With respect to the luminal cell membrane, Na coupled
organic solute entry appears to be the only electrogenic proc-
ess. Attempts to demonstrate electrogenic H secretion by
removing luminal organic solutes in the absence of any ionic
gradients [7, 24, 25, 34] have failed to observe the expected
lumen positive voltage. Changes in transepithelial voltage in-
duced by maneuvers which affect acidification (carbonic anhy-
drase inhibition, changes in pCO2, peritubular 4-acetamido-4-
isothio-cyancostilbine-SITS) can be explained by affects on
other electrogenic processes [34]. However, recent vesicle
studies [35] suggest that an electrogenic H— translocating
ATPase exists in the proximal tubule brush border of the rat. It
will be necessary to re-examine proximal tubule voltage in vitro
during maneuvers designed to stimulate acidification (in the
absence of lumen organic solutes). The effects of H ATPase
inhibitors such as dicyclohexyl carbodimide (DCCD) should
also be examined.
Events at the basolateral cell membrane may also contribute
to the lumen negative transepithelial voltage. Foremost among
the basolateral mechanisms responsible for carrying net current
across the epithelium is the Na K ATPase pump. Studies on
the in vitro perfused salamander proximal tubule have demon-
strated the electrogenic nature of this pump [361. Other current
carrying processes at the basolateral cell membrane that may
not contribute to the basal transepithelial voltage, and alter-
ations in which could contribute to changes in voltage during
various maneuvers, include passive K diffusion [271 and
passive base diffusion (0H or HCO) [37]. For a more
detailed discussion and a diagrammatic representation of the
possible current carrying processes present on both luminal and
+15.0 peritubular membranes, please note the section on acidification
in this issue [381.
+10.0 In late portions of proximal tubules transepithelial voltage
+ 5.0 differs from that observed in early portions. As mentioned
earlier, this axial change in voltage is a function of changes in
mV luminal fluid constituents and the prevailing tubule ionic perme-
50 ability properties. The significance of these differences, with
respect to their impact on transport, will be discussed later.
—io.o Finally, a recent study examined the effect of temperature on
150 proximal tubule transepithelial voltage [391. While only superfi-
cial cortical convolutions were examined, the study provided
verification of the fact that lumen negative voltages, which were
temperature sensitive only if glucose and alanine were present
in perfusate, were secondary to some energy requiring active
process (activation energy for negative voltage in convolutions
was 12.5 kcallmole, similar to the activation energy for Nat—
K1 ATPase [40]). In addition, the relative temperature insensi-
tivity of the lumen positive voltage of convolutions perfused
with late proximal tubule fluid confirmed the passive nature of
this Cl diffusion potential.
Fluid reabsorptive rates. Measurements of volume reabsorp-
tion in proximal convolutions studied in vitro have been impres-
sively consistent among various investigators. Table 2 summa-
rizes several measurements. It should be noted that variations
in technique may account for some differences observed. In this
respect, it is appropriate to comment on the possible variations.
First, although only a few studies have examined the issue in
some detail, the origin of tubules studied probably affects the
measured volume reabsorption. Juxtamedullary convolutions,
when compared to superficial convolutions perfused and bathed
with identical solutions, exhibit higher rates of net volume
reabsorption [17, 41]. This is true whether early or late seg-
ments are compared [17, 411. Although the exact mechanism for
this difference is unclear, it is tempting to speculate that these in
vitro observations reflect the well recognized circumstances of
increased filtered load in deep nephrons in vivo. When only the
early postglomerular portion of proximal convolutions are
compared, the difference in net volume reabsorption between
superficial and juxtamedullary nephrons can be explained by
the higher rates of sodium bicarbonate reabsorption in juxta-
medullary convolutions [47]. The mechanism behind greater
volume reabsorption in later segments ofjuxtamedullary versus
superficial convolutions has not been examined.
In addition to the anatomic origin of the tubule studied, the
types of experimental solutions used appear to affect the
magnitude of volume reabsorption. In our experience, the
highest rates of volume reabsorption are observed using fresh
rabbit serum (commercially available freshly prepared lots used
within a few months of preparation) as bath and ultrafiltrate of
rabbit serum as perfusate. Unfortunately, fresh lots are not
always available and indeed are also somewhat inconsistent.
Rather than tracing down the factors that make "good" rabbit
serum good, I, along with numerous others in the field, have
chosen to use artificial solutions with 5 to 6% bovine serum
albumin in the bath. Although not rigorously tested, in our
experience volume reabsorption (and transepithelial voltage) is
usually 10 to 20% lower with these solutions. One study did
compare, in an unpaired fashion, volume reabsorption and
voltage in randomly dissected proximal convolutions using
+1
+1
Glucose removed
from perfusate
Glucose and alanine
removed from perfusate
mV
—20.0
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Fig. 2. Values for net volume reabsorption and transepithelial voltage
in superficial (SFPCT) and juxtamedullary (JMPCT) proximal convolu-
tions perfused in vitro in paired fashion with two perfusates. A refers to
studies in which luminal perfusate was a simulation of glomerular
ultrafiltrate. B refers to studies in which luminal perfusate lacked
organic solutes and had a high [Cl-I and low [HC03]—that is, to
simulate late in vivo proximal tubule fluid. B+O refers to studies in
which luminal perfusate was the same as in B, but in which l0 M
ouabain was present in bath to inhibit active transport. With A, JMPCT
has higher net volume reabsorption and greater lumen negative voltage.
With B, JMPCT has a small lumen negative voltage while SFPCT has a
lumen positive voltage. Volume reabsorption with B is similar in both
SFPCT and JMPCT. However, with B + ouabain volume reabsorption
in JMPCT is abolished while significant volume reabsorption persists in
SFPCT. (Figure was drawn from data of Jacobson [17]).
either rabbit serum and ultrafiltrate or artificial solutions [43].
No significant difference in volume reabsorption was observed
while lumen negative voltage was greater in tubules perfused
and bathed with ultrafiltrate and rabbit serum, respectively. It
should be noted (Table 2) that reabsorptive rates in this study
tended to be low with both sets of solutions.
The third major factor responsible for differences in volume
reabsorption relates to an important physiologic question. What
are the volume reabsorptive rates along the length of the
proximal tubule when attempts are made in in vitro studies to
mimic in vivo circumstances, that is, perfuse early segments of
proximal convolutions with a glomerular ultrafiltrate-like solu-
tion and later convolutions with a perfusate lacking significant
amounts of organic solutes that are co-transported with Na
and also lacking about 20 mmoles/liter NaHCO (replaced with
sodium chloride)? Under these circumstances, volume reab-
sorption expressed per unit length is clearly lower in later
segments of proximal convolutions of both superficial and
juxtamedullary nephrons [17]. In paired experiments changing
perfusate from an ultrafiltrate-like solution to high [Cl-], low
[HC03], glucose and alanine free solution resulted in a signifi-
cant fall in volume reabsorption and lumen negative voltage
(which became lumen positive in tubules from superficial
nephrons). The results of these experiments are outlined in
Figure 2.
It is well accepted that volume reabsorption occurring with
perfusate that resembles glomerular ultrafiltrate is in essence
the sum of Na reabsorbed with C1 and HC03. Chloride
reabsorption under these circumstances is passive due to the
favorable transepithelial electrical gradient generated in large
part by Na plus neutral organic solute-coupled transport.
However, relative to their concentrations in the perfusate,
HC03 reabsorption is much more avid than C1 reabsorption
+ [17, 471. Indeed, if one looks at the data of Burg and Green [481
+2 on the effects of omission of luminal organic solutes on HC03
reabsorption, it is apparent that the residual volume reabsorp-
0 tion under these circumstances can be accounted for fully by
sodium bicarbonate reabsorption without any sodium chloride
reabsorption. Although this will have to be specifically tested, if
HC03 is present in sufficient amounts in perfusate, it appears
that Cl is reabsorbed only if lumen voltage is negative as a
—6 result of Na organic solute co-transport. When tubules are
perfused in vitro with solutions that mimic in vivo late proximal
tubule fluid, volume reabsorption occurs via different mecha-
nisms. Under these circumstances, important mechanistic dif-
ferences appear to exist between superficial and juxtamedullary
convolutions [47]. While passive processes, the specific details
of which are discussed in another section of this issue [1],
predominate in superficial nephrons, this is clearly not the case
injuxtamedullary nephrons. Volume reabsorption injuxtamed-
ullary convolutions perfused with organic solute free, high
[Cl], low [HC03] solution was ouabain sensitive [17] (Fig. 2).
The specific mechanism behind this transport requires further
investigation. Possibilities include primary Na transport, sodi-
um chloride coupled transport and co-existing Na— H ex-
change with CL— 0H exchange. The last mechanism, which
requires the presence of a luminal C1— 0H exchanger has
been postulated from micropuncture and vesicle studies [49, 50]
but has recently not been found in preliminary in vitro micro-
perfusion studies [51].
One final note on volume reabsorptive measurements. The
mean value of in vitro measurements is only a bit more than half
the value reported by micropuncture measurements of surface
nephrons in New Zealand white rabbits [521. Two comments
are necessary: First, more in vivo measurements are needed.
Second, assuming the in vivo rate proves to be much higher,
factors other than the solute composition of in vitro solutions
may be important determinants of volume reabsorptive rates.
These include, of course, physical forces, circulating hor-
mones, and renal nerves.
Transport rates of various solutes. Other sections of this
issue are devoted to the various topics of organic solute,
divalent ion, and HC03 transport in the various segments of
the nephron. While these are not discussed in the present
review, Table 3 provides proximal tubule transport rates for
various solutes.
Regulation of proximal tubule transport. Numerous in vitro
studies attempt to define certain regulatory influences on proxi-
mal tubule volume (and in some instances specific solute)
transport. These studies are basically of three types: first,
alterations in physical factors and perfusion rates; second,
alterations in the concentrations of various solution constitu-
ents (other than luminal organic solutes [Cl], and [HCO3I which
have already been discussed); and third, exposure of tubules to
various hormones or hormone "messengers".
It is well appreciated that in vivo the rate of proximal tubule
fluid reabsorption is related to the glomerular filtration rate [581.
This phenomenon of glomerular-tubular balance appears to
result from a composite of several factors which are conve-
niently divided into peritubular (extrinsic) or luminal (intrinsic)
factors. (Strictly speaking, luminal or intrinsic factors include
— SFPCT
JMPCT
1.4
1.2
1 .0
0.8
0.6
0.4
0.2
0
E
E
C
C
Ca
a.
0
.0
a)
E
0
a)
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Table 3. Proximal tubule transport
Early PCT
SF JM
rates for various solutes
Late PCT
SF JM Unspecified
pmoles mm1 min
Glucose 88.8 [41] 98.4 [411 57.8 [41] 58.2 [41] 83.2" [531
Glycine 5.1" [54]
PU4 11.4 [41] 10.7 [41] 3.0 [41]
6.6 [55]
4.6 [41]
Ca 6.7 [45]
HCO3 44.4 [47] 86.7 [47] 89 [10]
81 [56]
III
81
[101
[561
84 [48]
Urate —0.3 56]" 0.07 [57]
PAH
—0.3 [5] —0.4 [5] —1.5 [5] —1.4 [5]
Abbreviation meanings are found in Table 2. Bracketed numbers are
references.
a Values refer to mid-late segments of high cortical proximal
convolutions.
Minus sign denotes net secretion.
both the changes in the axial profile of luminal constituents and
the epithelial response to these changes). While the isolated
tubule has contributed somewhat to the understanding of some
of the mechanisms behind glomerular tubular balance, it has not
greatly helped in quantitating the relative significance of luminal
and peritubular factors. For more complete discussions of these
issues, especially with respect to the major contributions of in
vivo micropuncture, the reader is referred to references 58 and
59.
Early measurements of volume reabsorption in proximal
convoluted tubules found a slight increase in reabsorption with
increasing perfusion rates from 8 to 19 nI min and also a
slight increase in reabsorption when intraluminal hydrostatic
pressure was increased [60]. Subsequent studies have con-
firmed a small effect of transtubular pressure on volume reab-
sorption [61]. However, at least from the viewpoint of the
isolated tubule, transtuhular pressure changes (via alterations
of intraluminal pressure) play only a minor role in glomerular
tubular balance.
Subsequent studies demonstrated flow dependence of lumen
negative transepithelial voltage in proximal convolutions per-
fused in vitro [23] and postulated that depletion of organic
solutes co-transported with Na was responsible for the de-
crease in lumen negative voltage observed at low perfusion
rates [23, 241. Follow-up studies on randomly dissected proxi-
mal convolutions examined the flow dependence of volume
reabsorption and lumen to bath Nat, Cl, and urea fluxes [621.
Volume reabsorption Na efflux and Cl efflux increased when
perfusion rate was increased from 2 to 11 nl min'. No
additional changes were seen when perfusion rate was in-
creased to 20 nI mm Urea efflux demonstrated no flow
dependence. Interestingly, the omission of glucose and alanine
from perfusate in addition to the lowering of perfusate [HC03]
to 5 m markedly reduced the flow dependence of Na efflux.
While these studies raise the possibility that luminal substrates
for Na reabsorption (glucose, amino acids, HC03) are limit-
ing at slow perfusion rates, the lack of flow dependence
between perfusion rates of 10 to 40 nl min, the more
physiologic range of in vivo variations in flow, is somewhat
disturbing. However, it should be noted that to see flow
dependence of transport at higher perfusion rates may possibly
require very large sample collections (200 to 400 nl) and tubules
2 to 3 mm long. This would allow detection of smaller absolute
changes in isotope concentrations and would provide a longer
length of tubule requiring "saturation" of Na—organic solute
co-transport and Na— H counter transport sites.
The flow-dependence study just cited [62] did not examine
the specific effect of HC03 delivery in the maintenance of
glomerular-tubular balance. Clearance [63—66] and micropune-
ture [67, 68] studies have invoked a role for HC03 delivery,
either by increased GFR (or tubular fluid flow rate) or by
increased tubular [HC03], in maintaining glomerular tubular
balance. Recent in vitro studies from two laboratories [69, 70]
have demonstrated a significant increase in proximal convolut-
ed tubule HC03 reabsorption with increasing luminal
[HC03]. Associated with the increased HCU reabsorption
was a significant increase in volume reabsorption [691. The
effect of flow rate on bicarbonate and volume reabsorption in
the absence of luminal organic solutes remains to be tested.
Such a study may allow quantitation of a specific HC03
contribution to glomerular tubular balance.
A major peritubular or extrinsic factor thought to influence
proximal tubule reabsorption is oncotic pressure [71, 72]. A
number of in vitro studies have examined the effects of changes
in bath protein concentration on proximal convoluted tubule
transport [56, 73—77]. All of these studies agree on one issue—
that net volume reabsorption in proximal convolutions perfused
with a plasma ultrafiltrate-like solution is decreased by reducing
bath protein concentration and increased by raising bath protein
concentration. The finding of increased bath to lumen sucrose
permeability with reduction in bath protein has suggested that
increased paracellular "backleak" may be the mechanism
whereby reduced peritubular oncotic pressure results in a
reduction of net volume reabsorption [73]. This is in keeping
with in vivo studies also proposing that peritubular Starling
forces affect proximal convoluted tubule net volume reabsorp-
tion by modulating the ultimate fate of solute and water
transported to the paracellular space [71, 78, 79]. However,
more recent studies [56, 77] have found an effect of bath protein
removal only on active sodium chloride transport without an
effect on sodium bicarbonate or glucose reabsorption and also
without an effect on transepithelial electrical resistance (a
measure of paracellular permeability). These latter studies bring
into question the paracellular backleak hypothesis.
Several studies examine the dependence of proximal tubule
transport on the concentration of various electrolytes. Removal
of chloride from both perfusate and bath and its replacement
with nitrate has no effect on volume reabsorption in proximal
convolutions [80]. In contrast, replacement of perfusate and
bath Na with Li , tetramethylammonium, or choline results in
complete cessation of volume reabsorption and complete oblit-
eration of transepithelial voltage [801. Similarly, omission of
bath K results in complete loss of volume reabsorption and
voltage [80, 43]. Subnormal volume reabsorption and voltage
persist until bath potassium is at least 2.5 m and elevations of
[K] to levels as high as 10 m in bath and perfusate do not
produce further increases in volume reabsorption or voltage
[431. More detailed studies on the influence of [Nat] on
proximal convolutions demonstrated that at both high (190 to
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225 mM) and low (80 mM) concentrations net Na reabsorption
was decreased below rates seen when [Na1 was between 115
to 150 mM [461. It should be noted that in these studies
osmolality of the solutions was allowed to change with the
[Nat]. Thus, tubules were studied under both hypotonic and
hypertonic conditions.
Numerous studies on transporting epithelia have suggested a
major role for cystosolic Ca concentration in the regulation
of transport [8 1—831. It is felt that a basolateral cell membrane
Nat— Ca exchanger extrudes cellular Cail as a result of
inward diffusion of Na along its electrochemical gradient.
Indirect evidence for such an exchanger was demonstrated in in
vivo studies on the proximal tubule [84, 85]. Recent studies on
in vitro perfused proximal convolutions of the rabbit demon-
strated that maneuvers designed to elevate cell [Ca], such as
low peritubular [Nat] or the presence of Cail ionophores in
the bath, resulted in inhibition of sodium and volume reabsorp-
tion [45]. The results of this study are consistent with the theory
that intracellular [Ca] may be an important regulator of
proximal tubule transport. Further studies in which intracellular
Cail activity is measured will be required.
In studies of a different design, the effects of extracellular
[Ca] and [PO_] on volume and HC03 reabsorption were
examined [86]. High [Cai] (5 mrvt in bath and perfusate)
resulted in a significant increase in net HC03 reabsorption. In
contrast, removal of Ca + from perfusate resulted in significant
reductions of HC03 and fluid reabsorption. Changes in [P04=]
from 0.25 to 5 m in perfusate or bath resulted in no changes in
HC03 or volume reabsorption. Although the mechanism(s) of
the Cai effect are unknown, these studies do suggest that
[Cail, independent of changes in parathyroid hormone levels,
has a direct effect on proximal tubular transport.
The final category of studies designed to evaluate regulation
of proximal tubule transport are studies in which the effects of
various hormones are tested. Only two hormones have been
shown to produce significant changes in in vitro proximal
convoluted tubule transport parathyroid hormone (PTH) [44,
87—90] and catecholamines [91]. PTH inhibits volume and
HC03 reabsorption in proximal convolutions but appears to
have no effect on PO. transport in this segment. Indeed,
significant reduction in PO reabsorption in response to PTH
occurs only in pars recta [44]. The reduction in volume reab-
sorption induced by PTH is dependent on the presence of
HC03 in the perfusate [44, 87]. The mechanism of PTH-
induced reduction in HCOI reabsorption is unclear, but in-
creased backleak of HC03 is felt to be unlikely [92]. Cyclic
AMP analogues mimic the effects of PTH on volume reabsorp-
tion [42, 92] and HC03 reabsorption [901.
The second hormone that has been shown to alter in vitro
proximal tubule transport is norepinephrine [91]. With the
demonstration of in vivo studies that renal nerves and catechols
may participate in the regulation of proximal tubule transport
[93—971, it became important to determine whether or not
catechols have a direct effect on proximal tubule function in the
absence of changes in hemodynamics as well as in the absence
of renal nerves. Norepinephrine, in a beta-agonistic effect,
stimulated volume reabsorption in proximal convolutions by
67% [91]. This effect occurred only when norepinephrine was in
the bath. When propranolol was present, norepinephrine pro-
duced a significant fall in net volume reabsorption. Simulta-
neous phentolamine and isoproterenal produced the same effect
as norepinephrine. The mechanism of this catechol effect,
which incidentally is opposite to the results of clearance studies
[93, 94] in which beta-agonists decrease sodium reabsorption,
has not yet been determined.
Finally, the effect of angiotensin-Il (A-Il) on in vitro proximal
convoluted tubule transport has been re-examined recently
[98]. Whereas earlier studies failed to demonstrate an effect of
A-Il [60], these recent studies demonstrated a biphasic effect of
peritubular A-Il in proximal volume reabsorption with A-Il
concentrations of 10_It to 10'°M significantly increasing vol-
ume reabsorption and A-lI concentrations of 107M significant-
ly reducing volume reabsorption. As with the studies on norepi-
nephrine, these effects of A-I! occur by an as yet unknown
mechanism.
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